Epitaxially grown magnetic tunnel junctions (MTJs) with a stacking structure of Co 2 MnSi/MgO/CoFe were fabricated. Their tunnel magneto-resistance (TMR) effects were investigated. The TMR ratio and tunnelling conductance characteristics of MTJs were considerably different between those with an MgO barrier prepared using sputtering (SP-MTJ) and those prepared using EB evaporation (EB-MTJ). The EB-MTJ exhibited the very large TMR ratio of 217% at room temperature and 753% at 2 K. The bias voltage dependence of the tunnelling conductance in the parallel magnetic configuration for the EB-MTJ suggests that the observed large TMR ratio at RT results from the coherent tunnelling process through the crystalline MgO barrier. The tunnelling conductance in the anti-parallel magnetic configuration suggests that the large temperature dependence of the TMR ratio results from the inelastic spin-flip tunnelling process.
Introduction
Magnetic tunnel junctions (MTJs) are key devices in the spintronics field because MTJs are fundamental devices used for magnetic random access memory (MRAM), magnetic sensors and innovative spintronics devices, such as spin-transistors and microwave generators. High spin polarization materials are necessary to increase TMR effects and to enhance spintronics device performance. Ideal high spin polarization materials are half metallic ferromagnets (HMFs) 1, 2 , which have a band gap at the Fermi level for one spin band. Several full-Heusler alloy compounds 3 such as Co 2 Mn(Al, Si), Co 2 MnGe, Co 2 (Cr, Fe)Al are predicted to be HMFs theoretically 3 if they have the ordered L2 1 structure. In addition, some Co-based full-Heusler alloys have a high Curie temperature. Experimentally, some groups have used Heusler alloys as MTJ electrodes with an amorphous Al-oxide barrier [4] [5] [6] [7] [8] . We have achieved a large TMR ratio of 159% at 2 K in the optimized MTJ with Co 2 MnSi/Al-O/CoFe structure 9 . This result proved the half-metallic property of Co 2 MnSi (CMS) experimentally. However, in this MTJ, the large temperature dependence of the TMR ratio was a serious problem; the TMR ratio at room temperature (RT) was only 70%.
According to Julliere's model 10 , for MTJs with an amorphous tunnelling barrier the TMR ratio depends only on the density of states (DOS) at the Fermi level of the ferromagnetic electrodes. On the other hand, in MTJs with a (001)-oriented crystalline MgO tunnelling barrier and bcc-structured ferromagnetic electrodes, ∆1-band selective coherent tunnelling occurs and enhances the TMR ratio drastically compared with an MTJ with an amorphous barrier 10, 11 . Some groups have reported very large TMR ratios greater than 200% at RT in the MTJs with Fe, CoFeB electrodes and a MgO barrier 12, 13 . This review article presents our recent work on TMR effects in high-quality epitaxially grown Co 2 MnSi/MgO/CoFe MTJ. Particularly, we note that the CMS/MgO interface structure is important for realizing a large TMR effect, and that the interface structure is sensitive to the electrode fabrication conditions and the preparation method for the MgO barrier. Furthermore, we discuss the coherent tunnelling process and inelastic tunnelling process, considering results of the tunnelling conductance measurement.
Experimental procedure
The (001)-oriented epitaxial Co 2 MnSi bottom electrode was grown on Cr-buffered MgO (001) substrate at ambient temperature by inductively coupled plasma (ICP)-assisted magnetron sputtering. The deposition pressure was 0.1 Pa and the rate was about 0.03 nm/s. The film was subsequently annealed at 500°C to reduce site-disorder and create highly oriented film. To obtain the stoichiometric film composition, we used a composition-adjusted Co-Mn-Si alloy sputtering target (Co, 43.7%; Mn, 27.95%; Si, 28.35%). The crystallographic structure and surface morphology of the bottom CMS were observed using x-ray diffraction (XRD) with Cu K α radiation; surface roughness was verified using atomic force microscopy (AFM). We measured magnetization curves using a vibrating sample magnetometer (VSM) and a superconducting quantum interference device (SQUID) magnetometer. Film compositions were examined using inductively coupled plasma (ICP) analysis. X-ray absorption spectroscopy measurements were 5 performed on beamline 6.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory, using total electron yield detection.
The result of the XRD θ/2θ measurement for the bottom electrode showed only the (002) Cr peak and (002) an external magnetic field of 1T. We measured TMR effects using a standard dc four-probe method at a bias voltage of 1 mV and differential conductance using an ac-lock-in technique. X-ray absorption (XA) measurements were used to investigate the CMS/MgO interface for both CMS/MgO multilayers prepared using direct sputtering and the EB-evaporation. MgO thickness on both prepared samples was 2 nm. The Co L 2, 3 XA spectra are shown in Figure 2 . For the CMS/MgO layer prepared using sputtering, the shoulder feature just after the main L 3 absorption peak that originates from L2 1 ordering of the CMS 18 was very weak, indicating the disarray pertaining at the CMS/MgO interface. On the other hand, for the CMS/MgO layer prepared using EB-evaporation, this shoulder was clearly visible, indicating that the CMS at the MgO interface has an L2 1 ordered structure 18 . The Mn L 2, 3 XA spectra are shown in Figure 3 . The XA peaks at the Mn L 2, 3 absorption edge were also measured to investigate the oxidation of the CMS at the MgO barrier interface. For the CMS/MgO layer prepared using sputtering, additional 7 features around the L 3 absorption peak were clearly visible indicating that oxidation of Mn atoms occurred. For the CMS/MgO layer prepared using EB-evaporation, the Mn absorption spectrum does not contain this additional structure, suggesting that a clean CMS/MgO interface is formed 18 .
TMR effects
We note that the XAS results are consistent with the HR-TEM images. TMR ratio drastically increased with decreasing temperature for both MTJs. We observed the large TMR ratio of 330% for the SP-MTJ and very large TMR ratio of 753% for the EB-MTJ at 2 K. The TMR ratio of 753% at 2 K is high in the MTJs using Heusler alloy electrodes and much larger than those of CoFeB/MgO/CoFeB-MTJ (400% at 2 K). This result reveals that the half-metallicity of the CMS can be realized not only in the MTJ with an amorphous Al-oxide barrier, as previously reported, but in the MTJ with a crystalline MgO barrier. However, contrary to our expectation, the temperature dependence of TMR ratio is strong, even in the MTJ with MgO barrier. 
Tunnelling conductance characteristics
The bias voltage dependence of the differential conductance (G-V) curves at 10 K was measured for both parallel (G P ) and anti-parallel (G AP ) magnetic configurations to investigate the tunnelling process mechanism. The G P and G AP curves for the SP-MTJ are portrayed respectively in figures 6(a) and 6(b). In figure 6(a) , the previously reported The G AP exhibited a crucial rise at the low bias voltage for all MTJs, called the zero-bias anomaly.
However, for CMS/MgO/CoFe-MTJ, the G AP increased more significantly at lower bias than those of other MTJs. The zero-bias anomaly of G AP originates from inelastic tunnelling processes and two possible explanations exist for the large inelastic tunnelling probability in the MTJs with CMS electrodes; magnon excitations attributable to the low Curie temperature at the CMS surface and magnetic impurity scatterings caused by some Mn and Si oxides 13, 14 . The large zero-bias anomaly for the SP-MTJ is considered to result mainly from impurities of Mn or Si-oxides at the CMS/MgO interface, considering the results of XAS measurements. the shape of G P -V curve was almost identical between RT and 10 K. Furthermore, the crucial rise of G P at the negative bias voltage, which is the origin of the large temperature dependence of TMR ratio for the MTJ with Al-oxide barrier 21 , seems to be suppressed at both RT and LT.
Therefore, the origin of the large temperature dependence of TMR ratio for the EB-MTJ is thought to be different from that of the CMS/Al-oxide/CoFe-MTJ. Figure 7 (b) shows G P curves for the EB-MTJ annealed at various T a . For comparison, the G P curve for the CoFeB/MgO/CoFeB-MTJ is also shown. The crucial rise of the G p in the negative bias voltage is suppressed by increasing T a . In addition, the dip structure observed at ±400 mV is enhanced by increasing T a ; this dip structure resembles that for the CoFeB/MgO/CoFeB-MTJ 21, 22 . We infer that this dip structure is related to the coherent tunnelling process through the crystalline MgO barrier and that this coherent tunnelling plays an important role in realizing the large TMR effect.
11 Figure 8 shows G AP -V curves measured at both RT and 10 K for the EB-MTJ annealed at T a = 475°C. The G AP at 10 K increased sharply at low bias voltage compared with the G AP at RT. This large zero-bias anomaly at 10 K for the EB-MTJ is thought to result mainly from the inelastic tunnelling process 23 caused by magnon excitation because impurities 24 such as Mn and Si oxides
were not found (as inferred from the XAS results described previously). Furthermore, theoretically, the exchange interaction energy of the CMS at the CMS/MgO interface is small, indicating that the magnon can be excited easily 25 . At RT, the zero-bias anomaly of the G AP almost disappeared because these inelastic tunnelling processes are stimulated by thermal excitation energy. Therefore, we suggested that the inelastic tunnelling process attributable to the magnon excitation can be the dominant reason for the large temperature dependence of the TMR effect for EB-MTJ.
Summary
In summary, we have fabricated epitaxially grown Co 2 MnSi/MgO/CoFe-MTJs with a MgO barrier prepared using both direct sputtering and EB-evaporation techniques. For the MTJ with a MgO barrier prepared using sputtering, the TMR ratio was comparable to those of the MTJs using an Al-oxide barrier. From HR-TEM images, XA measurements and conductance curves, we found that the CMS/MgO interface has a disarrayed structure and contains oxides. This poorer interface structure is the reason for the low TMR ratio and large resistance for the MTJ with MgO barrier prepared by sputtering. On the other hand, for the MTJ with the MgO barrier prepared 12 using EB-evaporation, we observed the highest TMR ratio of 753% at 2 K among the MTJs using
Heusler alloy electrodes. However, unfortunately, the temperature dependence of TMR ratio remained large. We discussed the origin of the large temperature dependence of the TMR ratio.
Results of this study suggest that this problem is attributable to inelastic tunnelling processes because of magnon excitation at the CMS/MgO interface. 
